INTRODUCTION
Egg production and estrogen secretion are two major functions of the ovary. The ovary can be infected by various viruses, which may result in ovarian dysfunction. Vaccinia virus infection displays a strong tropism for the ovary and may cause infertility [1, 2] . Mumps virus and human immunodeficiency virus can infect the ovary and perturb ovarian functions in humans [3] [4] [5] . Hepatitis B virus can infect ovarian cells, which may lead to maternal-fetal transmission [6] [7] [8] [9] . However, the ovarian response to viral infections remains largely unknown. Understanding the mechanisms underlying ovarian innate antiviral response should have implications for the development of preventive and therapeutic approaches against viral infection in the ovary.
Pattern recognition receptors (PRRs) initiate innate immune response, which makes up the first line of defense against microbial infections [10] . PRRs recognize conserved molecular patterns of microbial pathogens, termed pathogen-associated molecular patterns, thus initiating innate immune response and facilitating adaptive immunity against invading pathogens [11] . Toll-like receptors (TLRs) are the best characterized PRRs, and they belong to a family of transmembrane proteins that recognize diverse pathogen-associated molecular patterns [12] . To date, 13 TLR members have been identified in mammals, of which TLR3, TLR7, TLR8, and TLR9 recognize virus nucleic acids and initiate innate antiviral response [13] . Another well-characterized subfamily of PRRs that recognize viruses are retinoic acid-inducible gene I (RIG-I)-like receptors [14] , which contain two functional members, namely, RIG-I and melanoma differentiation-associated gene 5 (MDA5) [15] . TLR3, RIG-I, and MDA5 specifically recognize doublestranded RNA (dsRNA) that is produced by many viruses during replication as well as the synthetic dsRNA analog, polyinosinic-polycytidylic acid (poly [I:C]) [16] .
Poly (I:C) can trigger TLR3-, RIG-I-, and MDA5-signaling pathways that lead to the activation of nuclear factor kappa B (NFKB) and interferon regulatory factor 3 (IRF3), thereby inducing the expression of proinflammatory cytokines and type 1 interferons (IFNA/B), respectively [17] . IFNA/B production is the primary response to viral infections, which is critical for host defense against invading viruses by limiting viral replication and facilitating antiviral adaptive immunity [18] . IFN-inducible antiviral proteins inhibit viral replication within infected cells at multiple levels [19] . The best characterized IFN-inducible antiviral proteins are IFN-stimulated gene 15 (ISG15), 2 0 -5 0 -oligoadenylate synthetase (OAS1), and Mx GTPase 1 (MX1), which individually amplifies antiviral signaling, degrades viral RNA, and blocks viral gene transcription [19, 20] .
The roles of TLR-mediated innate immunity in modulating ovarian function are emerging [21] . Several studies have revealed the expression and function of TLRs in the ovaries of different species. TLR1-9 is expressed in human normal ovary and ovarian cancer [22] . TLR4-initiated inflammatory responses in bovine granulosa cells perturb estradiol synthesis [23] . In mouse, TLR2 and TLR4 in cumulus cells regulate ovulation and fertilization [24] [25] [26] . TLR8 signaling pathways have recently been identified in human granulosa cell line, primary bovine, and hen granulosa cells [27] [28] [29] [30] [31] . These studies focused on bacterial product-triggered inflammatory response in ovarian granulosa cells through TLR activation. By contrast, the antiviral response of PRRs in the ovary has not been intensively investigated. We recently demonstrated that TLR3, MDA5, and RIG-I cooperatively mediate innate antiviral response in mouse granulosa cells in vitro [32] . The present study evaluates the ovarian innate antiviral response in vivo and its impact on steroidogenesis. Moreover, the functions of TLR3, MDA5, and RIG-I in stromal cells were clarified in vitro.
MATERIALS AND METHODS

Animals
C57BL/6J mice were obtained from the Laboratory Animal Center of Peking Union Medical College (Beijing, China). Tlr3 knockout mice (B6/ 129S1-Tlr3tm1Flv/J) were purchased from Jackson Laboratories (Bar Harbor, ME). Wild-type (WT) littermates were obtained during the mating of heterozygotes of Tlr3 mutant mice. All the mice were maintained in pathogen-free conditions with lighting (12L:12D) and nutrition (food and water ad libitum). The mice were handled in compliance with the Guidelines for the Care and Use of Laboratory Animals established by the Chinese Council on Animal Care. Six-wk-old mice were used for the in vivo study.
Major Reagents and Antibodies
Poly (I:C) (tlrl-pic) was purchased from InvivoGen (San Diego, CA). Enzyme-linked immunosorbent assay (ELISA) kits for interleukin 6 (IL6; BMS603/2), tumor necrosis factor alpha (TNFA; BMS607/3), and IFNA (BMS6027) were purchased from eBioscience (San Diego, CA); the kit for detecting IFNB (42400) was purchased from R&D Systems (Minneapolis, MN); and ELISA kits for estradiol (582251) and testosterone (582701) were purchased from Cayman Chemical Company (Ann Arbor, MI). Small interfering RNA (siRNA) targeting mouse Mda5 (sc-61011), Rig-i (sc-61481), and control siRNA (sc-37007) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies used in this study are listed in Table 1 .
Isolation of Ovarian Granulosa and Stromal Cells
Mouse primary ovarian granulosa cells were isolated based on previously described procedures with modifications [33] . Briefly, 4-wk-old female mice were intraperitoneally injected with 5 international units pregnant mare serum gonadotropin (Beijing Chief-East Tech Co., Beijing, China). At 45 h postinjection, the follicles on the surface of the ovaries were punctured with a 25-gauge needle to release oocyte-cumulus cell complexes and clumps of mural granulosa cells. After removal of oocytes using a mouth-operated glass fine pipette, the granulosa cells were collected and cultured in F12/DMEM (Life Technologies, Grand, NY) supplemented with 10% fetal calf serum (FCS; Life Technologies) and antibiotics (100 units/ml penicillin and 100 mg/ml streptomycin). The purity of the granulosa cells was more than 95% based on immunostaining for follicle-stimulating hormone receptor (FSHR), a marker of granulosa cells [34] .
Primary ovarian stromal cells were isolated from 6-wk-old mice based on a recently described procedure [35] . The ovaries were exposed after removing surrounding fat tissues under a stereomicroscope and collected in F12/DMEM. The follicles on the ovarian surface were punctured to release granulosa cells and oocytes. Then, the ovaries were cut into small pieces (;1 mm 3 ) using surgical scissors in medium containing 0.5 mg/ml collagenase IV (SigmaAldrich, St. Louis, MO) and incubated at room temperature for 15 min with gentle pipetting. The cell suspensions were filtered through 80-lm then 20-lm copper meshes to remove tissue fragments, follicles, and oocytes. The resulting cells were collected. After three washes with the medium, the stromal cells were cultured in F12/DMEM supplemented with 10% FCS in a humidified atmosphere containing 5% CO 2 at 378C.
Isolation of Macrophages
Mouse primary macrophages were collected from peritoneal cavities based on a previously described procedure [36] . Briefly, the peritoneal cavities were lavaged with 5 ml of ice-cold 1 3 phosphate-buffered saline (PBS). The lavaged cells were collected by centrifugation at 250 3 g for 5 min at room temperature. The cells were subsequently resuspended in RPMI 1640 medium (Life Technologies) supplemented with 10% FCS and antibiotics (100 units/ml penicillin and 100 mg/ml streptomycin) and incubated in a humidified atmosphere with 5% CO 2 at 378C. After 24 h, nonadherent cells were removed by washing with PBS. Adherent cells were determined to be macrophages with 
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a purity of more than 95% based on immunostaining for F4/80, a marker of macrophages [37] .
Immunofluorescence Staining and Immunohistochemistry
The cells were cultured on Lab-Tek chamber slides (Nunc, Naperville, IL), fixed with precold methanol at À208C for 3 min, and permeabilized with 0.2% Triton X-100 in PBS for 15 min. After blocking with 10% normal goat serum in PBS at room temperature for 30 min, the cells were incubated with the primary antibodies at 378C for 1 h. The slides were washed thrice with PBS, and the cells were incubated with the appropriate fluorescein isothiocyanateconjugated secondary antibodies (Zhongshan Biotechnology Co., Beijing, China) for 30 min. After washing twice with PBS, the slides were mounted with Canada balsam (Sigma) for observation under a fluorescence microscope (IX-71; Olympus, Tokyo, Japan). The cell purity was calculated based on counting at least 300 cells in multiple view fields in each experiment and three experimental replicates.
Ovaries from 6-wk-old mice were used for immunohistochemistry according to previously described procedure [38] . Briefly, the ovaries were fixed in Bouin solution. After 24 h, the ovaries were embedded in paraffin and cut into 5-lm thick sections. The sections were incubated with 1 3 PBS containing 3% H 2 O 2 for 15 min to inhibit endogenous peroxidase activity. Then, the slides were soaked in citrate buffer and microwave-heated at 1008C for 10 min to retrieve antigens. After blocking with 5% normal rabbit sera in PBS for 1 h at room temperature, the sections were incubated with the primary antibodies overnight at 48C. After washing twice with PBS, the sections were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 30 min. HRP activity was visualized using the diaminobenzidine method. Negative controls were incubated with preimmune rabbit sera instead of the primary antibodies. Sections were counterstained with hematoxylin and mounted with Canada balsam (Sigma). Immunohistochemistry on the ovarian sections of poly (I:C)-treated and control mice was performed on the same slides.
Transfection
Ovarian stromal cells were seeded in 6-well plates at a density of 5 3 10 5 cells/well and cultured for 24 h. The medium was changed with serum-free F12/DMEM, and 2 h later, the cells were transfected with 2 lg/ml poly (I:C) using 2 ll of Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. For gene silencing with siRNA, 2 3 10 5 stromal cells per well were seeded in 6-well plates. At 24 h postculture, the cells were transfected with 100 nM siRNA. After 24 h, the cells were transfected with poly (I:C).
Cell Viability Assay
Cell viability was assessed using 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay kit (ATCC, Manassas, VA) according to the manufacturer's instructions. Briefly, stromal cells were cultured in 96-well microplates at a density of 2 3 10 4 cells/well. After treatment under identical conditions with those for the innate immune response induction, the cells were incubated with 10 ll MTT solution for 2 h. After removal of medium, 100 ll detergent reagents were added to each well to lyse the cells. Absorbance at 570 nm was recorded using a microplate reader (BioTek, Winooski, VT).
Real-Time Quantitative RT-PCR
Total RNA was extracted using the Trizol reagent (Invitrogen) according to the manufacturer's instructions. Extracted RNA was treated with RNase-free DNase 1 (Invitrogen) to remove genomic DNA contamination. The absence of genomic DNA was confirmed by the PCR amplification of b-actin (Actb) prior to reverse transcription. The RNA (1 lg) was reverse transcribed into cDNA using Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI). PCR was performed using the Power SYBR Green PCR master mix kit (Applied Biosystems, Foster City, CA) in an ABI PRISM 7300 realtime cycler (Applied Biosystems). Transcription levels of target genes were normalized to Actb using the comparative threshold cycle method as described in the Applied Biosystems User Bulletin No. 2 (P/N 4303859). The sequences of primer pairs used for real-time quantitative RT-PCR (qRT-PCR) are listed in Table 2 .
Western Blot Analysis
The ovaries or cells were lysed using a lysis buffer (Applygen Technologies Inc., Beijing, China). Protein concentration of the lysates was determined using a bicinchoninic acid protein assay kit (Pierce Biotechnology, Rockford, IL). Equal amounts of protein (20 lg) were separated on 10% SDS-PAGE gel and subsequently electrotransferred onto polyvinyl difluoride membranes (Millipore, Bedford, MA). The membranes were blocked in Tris-buffered saline, pH 7.4, containing 5% nonfat milk at room temperature for 1 h and subsequently incubated with the primary antibodies overnight at 48C. The membranes were washed twice with Tris-buffered saline (10 mM Tris pH 7.4, 0.15 M NaCl, 5 mM KCl) containing 0.1% Tween-20 and then incubated with HRP-conjugated secondary antibodies at room temperature for 1 h. Antigen-antibody complexes were visualized using an enhanced chemiluminescence detection kit (Zhongshan Biotechnology Co.). Band intensity was quantitatively assessed using Molecular Analyst software, version 1.4 (Bio-Rad Laboratories, Hercules, CA).
ELISA
Cytokine levels in ovarian lysates and culture medium, as well as plasma estradiol and androgen levels, were measured using ELISA kits according to the manufacturer's instructions. Total RNA was extracted from the ovaries and peritoneal macrophages (Mu) of 6-wk-old C57BL/6J mice. Relative mRNA levels of the virus sensors, including Tlr3, Tlr7, Tlr8, Tlr9, Mda5, and Rig-i, were determined using real-time qRT-PCR by normalizing to Actb. B) Protein levels of TLR3, MDA5, and RIG-I. The ovary and Mu lysates were analyzed by Western blot using specific antibodies to probe TLR3, MDA5, and RIG-I; b-actin was used as a loading control. C) Distribution of TLR3, MDA5, and RIG-I in the ovary. Immunohistochemistry was performed on the paraffin sections of the ovary in control mice. D) Mice were injected with poly (I:C) for 24 h,
Statistical Analysis
All the data are presented as mean 6 SEM. Statistical significance between individual comparisons was determined using Student t-test. For multiple comparisons, one-way ANOVA with Bonferroni (selected pairs) post hoc test was used. The calculations were performed with the statistical software SPSS version 11.0 (SPSS Inc., Chicago, IL). P values , 0.05 were considered statistically significant.
RESULTS
TLR3, MDA5, and RIG-I Expression in Mouse Ovary
To identify the ovarian innate antiviral system, we examined the expression of major virus sensors, including TLR3, TLR7, TLR8, TLR9, MDA5, and RIG-I, in the mouse ovary. Peritoneal macrophages from the same mice were used as positive controls. Real-time qRT-PCR results showed that ovaries and macrophages express comparable mRNA levels of Tlr3, Mda5, and Rig-i (Fig. 1A) . By contrast, Tlr7, Tlr8, and Tlr9 mRNA levels were much lower in the ovary than in macrophages. The protein levels of TLR3, MDA5, and RIG-I in the ovary and macrophages were confirmed by Western blot analysis (Fig. 1B) . Immunohistochemistry showed that TLR3 was abundantly expressed in the stromal (black arrows) and granulosa (black arrowheads) cells in control mice (Fig. 1C , lower panels). Whereas, MDA5 and RIG-I were predominantly located in granulosa cells and faintly expressed in stromal cells. No evident differences in TLR3, MDA5 and RIG-I signal intensity were observed in different stages of follicles (Fig. 1C , upper panels). However, MDA5 and RIG-I, but not TLR3, were evidently upregulated in both stromal and granulosa cells by intraperitoneal injection of poly (I:C) at a dose of 5 lg/g body weight (Fig. 1D, lower panels) . The comparable levels of the PRRs were observed in different stages of follicles (Fig.  1D , upper panels). RIG-I was also evidently detected in oocytes (asterisk). By contrast, all three receptors were not detected in the theca cells (white arrows) prior to and after poly (I:C) injection. The upregulation of MDA5 and RIG-I in the ovary after poly (I:C) injection was confirmed by Western blot analysis (Fig. 1E) .
TLR3, MDA5, and RIG-I Expression in Granulosa and Stromal Cells
The purity of granulosa cells was assessed by analyzing FSHR expression (Fig. 2A) . Real-time qRT-PCR showed that Fshr mRNA level is about 20-fold higher in granulosa cells than stromal cells (left panel). Indirect immunofluorescence staining confirmed that the granulosa cell fractions were composed of more than 93% FSHR þ cells (middle panel). By contrast, few FSHR þ cells (,3%) were detected in stromal cell fractions (right panel). Based on immunofluorescence staining for F4/80, the macrophages were ,5% in granulosa and stromal preparations (Fig. 2B) . In control, F4/80 þ cells were over 95% in peritoneal macrophage fractions. The granulosa (Fig. 2C) and stromal (Fig. 2D ) cells expressed TLR3, MDA5, and RIG-I at basal conditions. MDA5 and RIG-I were significantly upregulated in granulosa and stromal cells after treatment with poly (I:C). TLR3 expression was comparable in the two cell types in the presence and absence of poly (I:C).
Notably, the internalization of poly (I:C) via transfection induced MDA5 and RIG-I at relatively high levels compared with the exogenously added poly (I:C). Therefore, we performed in vitro studies using poly (I:C) transfection.
Activation of NFKB and IRF3
To determine whether poly (I:C) treatment in vivo triggers antiviral signaling in the ovary, we examined the activation of NFKB and IRF3 after intraperitoneal injection of poly (I:C). Poly (I:C) injection induced phosphorylation of NFKBp65 (p65) and IRF3 in the ovary in a time-dependent manner (Fig.  3A) . The phospho (p)-p65 and p-IRF3 levels peaked 3 h after poly (I:C) injection. Accordingly, immunohistochemistry showed that poly (I:C) efficiently induced nuclear translocation of both p65 and IRF3 in stromal (black arrows) and granulosa (black arrowheads) cells 3 h postinjection (Fig. 3B , middle and right panels). By contrast, the nuclear translocation of p65 and IRF3 was not observed in theca cells (white arrows). In controls, these transcription factors were not detected in the nuclei of the ovarian cells at basal condition (Fig. 3B, left  panels) . Moreover, we demonstrated that poly (I:C) induced phosphorylation ( Fig. 3C ) and nuclear translocation (Fig. 3D ) of p65 and IRF3 in stromal cells in vitro. Similar to our recent observations [32] , the current study also demonstrated nuclear translocation of p65 and IRF3 in granulosa cells (data not shown).
Poly (I:C)-Induced Cytokine Expression
Given that NFKB and IRF3 activation induces the production of proinflammatory cytokines and type I IFNs, we examined the expression of TNFA, IL6, IFNA, and IFNB in the ovary in response to poly (I:C). Real-time qRT-PCR results showed that poly (I:C) injection dramatically induces the cytokine expression in the ovary in a time-dependent manner (Fig. 4A) . Peak mRNA levels were observed at 6 h after poly (I:C) injection. The protein levels of the cytokines in the ovary peaked at 12 h postinjection based on the measurement of the tissue lysates using ELISA (Fig. 4B) . Immunohistochemistry demonstrated that TNFA and IL6 were predominantly localized in granulosa (black arrowheads) and stromal (black arrows) cells (Fig. 4C) . The distributions of IFNA and IFNB were not examined due to the lack of commercial specific antibodies for immunohistochemistry. TNFA and IL6 were not detected in the theca cells (white arrows). Furthermore, poly (I:C) transfection significantly upregulated cytokine expression at both the mRNA (Fig. 4D) and protein (Fig. 4E ) levels in stromal cells in vitro.
Induction of Antiviral Proteins
Given that IFN-inducible antiviral proteins are critical intracellular response to inhibit viral replication [19] , we examined the effect of poly (I:C) on the expression of the bestcharacterized antiviral proteins, including ISG15, OAS1, and MX1. The mRNA levels of the antiviral proteins were dramatically upregulated in the ovary after poly (I:C) injection (Fig. 5A) . Peak mRNA levels were observed 18 h postinjection. The upregulation of the antiviral proteins was confirmed 3 and the ovary was analyzed by immunohistochemistry. The insets in the upper right corners of the images represent negative controls, in which the preimmune rabbit sera were used as the primary antibody. Images are representatives of at least three mice. Bar ¼ 20 lm. E) Upregulation of MDA5 and RIG-I. At 24 h after poly (I:C) injection, the ovary lysates were subjected to Western blot analysis using specific antibodies against TLR3, MDA5, and RIG-I. The protein levels were quantitatively examined using densitometry of the bands (right panel). The images are representatives of at least three experiments. The ovary lysates of three mice were used in each experiment. Data indicate the mean 6 SEM of three experiments; *P , 0.05.
INNATE ANTIVIRAL RESPONSE IN THE OVARY
FIG. 2. Expression of TLR3, MDA5, and RIG-I in granulosa cells (GC) and stromal cells (SC).
A) Identification of GC and SC. Total RNA was extracted from GC and SC, and the relative mRNA level of Fshr was examined using real-time qRT-PCR (left panel). Indirect immunofluorescence staining using specific antibodies against mouse FSHR was performed in GC (middle panel) and SC (right panel). B) Identification of macrophages (Mu). GC, SC, and peritoneal Mu were stained using immunofluorescence to probe F4/80, a Mu marker. Cells were costained with 4 0 ,6-diamidino-2-phenylindole to show the nuclei. The insets in the upper right corners of the images represent negative controls for immunostaining. Bar ¼ 20 lm (A and B). C and D) Expression of TLR3, MDA5, and RIG-I in ovarian cells. GC (C) and SC (D) were treated with either the exogenously added 2 lg/ml poly (I:C) (Exo. PI:C) or internalization of poly (I:C) (Int. PI:C) via transfection. After 24 h, the cell lysates were subjected to Western blot analysis. Images are the representatives of at least three experiments. The cells were isolated from three mice in each experiment. Data indicate the mean 6 SEM of three experiments; *P , 0.05, **P , 0.01.
FIG. 3. Activation of NFKB and interferon regulatory factor 3 (IRF3)
. A) Phosphorylation of NFKBp65 (p65) and IRF3 in the ovary. Mice were injected with poly (I:C) for the specific durations. Ovarian lysates were analyzed via Western blot using specific antibodies against phospho-p65 (p-p65), p65, phospho-IRF3 (p-IRF3), and IRF3. Images are representatives of three mice at each time point. Band densitometry data represent the mean values of three mice. B) Nuclear translocation of p65 and IRF3 in vivo. Mice were intraperitoneally injected with poly (I:C) at a dose of 5 lg/g body weight. At 3 h after poly (I:C) injection, the ovarian sections were subjected to immunohistochemistry to probe p65 and IRF3 (middle panels). The ovaries of untreated mice served as control (Ctrl, left panels). The areas that are delineated by dotted lines were amplified for a high magnification (right panels). Asterisks, black at the protein level by Western blot analysis 24 h after poly (I:C) injection (Fig. 5B) . Immunohistochemistry showed that the antiviral proteins are expressed in the stromal (black arrows) and granulosa (black arrowheads) cells (Fig. 5C ). By contrast, the antiviral proteins were not detected in the theca cells (white arrows). Notably, increased signals of OAS1 and MX1 were also detected in the oocytes (asterisks). Furthermore, poly (I:C)-induced antiviral proteins at the mRNA (Fig.  5D) and protein (Fig. 5E ) levels were confirmed in stromal cells in vitro.
Role of TLR3 in Poly (I:C)-Induced Response
Poly (I:C) is a common agonist of TLR3, MDA5, and RIG-I. Both TLR3 and MDA5/RIG-I signaling pathways induce innate antiviral response. To assess the contribution of TLR3 in the poly (I:C)-induced ovarian antiviral response, we compared the expression of cytokines and antiviral proteins in the ovaries of Tlr3 À/À mice and WT littermates. The cytokines were expressed at comparable levels in Tlr3 À/À and WT ovaries at basal conditions (Fig. 6A) . However, the cytokine mRNA levels were remarkably lower in Tlr3 À/À than WT ovaries 6 h after poly (I:C) injection. The cytokine protein levels were significantly lower in the ovaries of Tlr3 À/À mice compared with WT controls 12 h after poly (I:C) injection (Fig. 6B) . Similarly, the mRNA (Fig. 6C) and protein (Fig. 6D ) levels of the antiviral proteins were lower in the ovaries of Tlr3 À/À mice than WT mice after poly (I:C) injection. The results suggest that TLR3 plays a critical role in mediating ovarian innate antiviral response.
Roles of TLR3, MDA5, and RIG-I in Mediating Innate Antiviral Response in Stromal Cells
We recently demonstrated that TLR3, MDA5, and RIG-I cooperatively mediate innate immune response in granulosa cells [32] . To distinguish the roles of TLR3, MDA5, and RIG-I in stromal cells, we examined poly (I:C)-induced innate antiviral response in WT and Tlr3 À/À stromal cells after knockdown of individual Mda5 and Rig-i using specific siRNAs. Each siRNA dramatically reduced target mRNAs (Fig. 7A) and proteins (Fig. 7B ) in both WT and Tlr3 À/À stromal cells 24 h after transfection. A siRNA targeting a scrambled sequence was used as the control (siCtrl). At 24 h after transfection with siRNA, the cells were transfected with poly (I:C) for 12 h. The siRNAs targeting Mda5 or Rig-i significantly decreased poly (I:C)-induced cytokine production by WT and Tlr3 À/À cells (Fig. 7C) . Notably, the cytokine production by Tlr3 À/À cells was significant lower than WT cells. Similarly, siRNAs reduced the antiviral protein levels in WT and Tlr3 À/À stromal cells after poly (I:C) transfection (Fig.  7D) . The MTT assay showed that the treatment of stromal cells with siRNAs did not significantly reduce cell viability (Fig.  7E ). These observations suggest that TLR3, MDA5, and RIG-I cooperatively mediate innate antiviral response in the stromal cells.
Suppression of Steroidogenesis
Steroidogenesis is one of the major ovarian functions. To analyze the effect of innate antiviral response on steroidogenesis in the ovary, we examined the expression of steroidogenic enzymes. The mRNA levels of cytochrome aromatase (P450arom), cytochrome P450 side chain cleavage (P450scc), 3b-hydroxysteroid dehydrogenase (Hsd3b), and steroidogenic acute regulatory protein (Star) were dramatically decreased by poly (I:C) injection (Fig. 8A) . The lowest mRNA levels were detected in the ovaries 24 h after poly (I:C) injection. P450arom is critical for estradiol synthesis in granulosa cells whereas P450scc, HSD3B, and StAR are necessary for androgen synthesis in the theca cells. Therefore, we examined the plasma estradiol and androgen levels. As speculated, the plasma estradiol and testosterone levels were significantly decreased from 12 to 48 h after poly (I:C) injection (Fig. 8B) .
DISCUSSION
Microbial antigen-induced inflammatory stress perturbs ovarian functions [39] . Viral infection may result in premature ovarian failure [40, 41] . Ovarian cell response to viral infection should be investigated to understand the circumstances that lead to the perturbation of ovarian functions, which may provide new clues to protect the ovary from viral infection. We recently demonstrated that mouse ovarian granulosa cells initiate innate antiviral response through PRR signaling in vitro [32] . In the present study, we investigated ovarian antiviral response and its impact on ovarian endocrine function in response to poly (I:C) challenge in vivo. Results showed that intraperitoneal injection of poly (I:C) triggers ovarian innate antiviral response and inhibits steroidogenesis. Moreover, we demonstrated in vitro that ovarian stromal cells have antiviral roles through the cooperation of TLR3, MDA5, and RIG-I.
PRR-mediated innate immune responses build the first line of body defense against microbial pathogens [42] . Several PRRs recognize viruses and initiate antiviral response [17] . The best characterized virus sensors include TLR3, TLR7, TLR8, TLR9, MDA5, and RIG-I. In comparison with macrophages, we demonstrated that the mouse ovary significantly expresses TLR3, MDA5, and RIG-I. Therefore, we investigated in detail the expression and function of these three virus sensors in initiating ovarian antiviral response. Viral dsRNA is a common ligand of TLR3, MDA5, and RIG-I. We investigated the antiviral response of the ovary after intraperitoneal injection of poly (I:C), a synthetic dsRNA that can be produced by different viruses. We showed that TLR3, MDA5, and RIG-I are constitutively expressed in ovarian stromal and granulosa cells. MDA5 and RIG-I were further upregulated in these ovarian cells by poly (I:C). By contrast, the three receptors were not detected in ovarian theca cells.
TLR3 and MDA5/RIG-1 signaling results in the activation of NFKB and IRF3 characterized by their phosphorylation and translocation into cell nuclei [43] . The phosphorylation of NFKB and IRF3 were detected in the ovary after poly (I:C) 3 arrows, black arrowheads, and white arrows indicate oocytes, stromal, granulosa, and theca cells, respectively. C) Phosphorylation of p65 and IRF3 in the stromal cells. The stromal cells were transfected with poly (I:C) for the specific durations. Cell lysates were analyzed using Western blot to probe p-p65 and p-IRF3, as well as total p65 and IRF3; b-actin was used as the loading control. Images are representatives of three separate experiments (three mice were used to isolate stromal cells in each experiment). D) Nuclear translocation of p65 and IRF3 in stromal cells. Ovarian stromal cells were transfected with 2 lg/ml poly (I:C) using Lipofectamine RNAiMAX. Distributions of p65 and IRF3 were determined by immunofluorescence staining using specific antibodies À/À mice and WT controls were injected with poly (I:C). After 6 h, relative mRNA levels of Tnfa, Il6, Ifna, and Ifnb were determined using real-time qRT-PCR. B) Protein levels of the cytokines. The mice were injected with poly (I:C). After 12 h, the protein levels of the cytokines in the ovarian lysates were measured using ELISA. C and D) Expression of antiviral proteins. WT and Tlr3 À/À mice were injected with poly (I:C) for 18 h. Relative mRNA levels of Isg15, Oas1, and Mx1 were determined using realtime qRT-PCR (C). At 24 h after poly (I:C) injection, the antiviral proteins were analyzed at protein levels using Western blot (D). The untreated mice were used as controls. Data represent the mean 6 SEM of three experiments, and three mice were used in each experiment; *P , 0.05, **P , 0.01. ND, not detectable.
FIG. 7. Roles of TLR3, MDA5
, and RIG-I in mediating innate antiviral response in stromal cells. A) Knockdown of Mda5 and Rig-i using specific siRNA. WT and Tlr3 À/À ovarian stromal cells seeded in 6-well plates at 2 3 10 5 cells/well were transfected with individual siRNA targeting scrambled sequence (siCtrl), Mda5 (siMda5), and Rig-i (siRig-i). After 24 h, the mRNA levels of Tlr3, Mda5, and Rig-i were determined using real-time qRT-PCR. B) Reduction of target proteins by siRNA. The cells were treated as in A. The protein levels of TLR3, MDA5, and RIG-I were analyzed by Western blot. C) Cytokine production. The cells were treated as above and followed by transfection with poly (I:C). At 24 h after the poly (I:C) transfection, the levels of TNFA, IL6, IFNA, and IFNB in the medium were measured using ELISA. D) Expression of antiviral proteins. The cells were treated as in C. The cell lysates were subjected to Western blot analysis to probe ISG15, OAS1, and MX1; b-actin was used as the loading control. E) Cell viability. The stromal cells were treated as in C and subjected to the MTT assay. Images are representatives of at least three experiments. The stromal cells of five mice were used for the experiments. Data represent the mean 6 SEM of three experiments; *P , 0.05, ** P , 0.01. ND, not detectable.
injection, and their nuclear translocation was observed in the stromal and granulosa cells, suggesting that the antiviral signaling can be initiated in the ovarian cells in vivo. Accordingly, we detected remarkable upregulation of TNFA and IL6, as well as IFNA and IFNB, in the ovary after poly (I:C) injection, which were produced by the stromal and granulosa cells. TNFA and IL6 are major proinflammatory factors that regulate immune response and various pathophysiologic processes [44] . These cytokines play an important role in the ovulation of various species under physiologic conditions [45] . However, high levels of the proinflammatory cytokines suppress estrogen biosynthesis [46] . IFNA and IFNB play a key role in eliminating invading viruses through the induction of antiviral proteins in infected cells and through the promotion of adaptive immune response against viruses [18] . Therefore, the upregulation of these cytokines in the ovary could contribute to the ovarian defense against viral infections and may also lead to pathologic consequences.
Immunohistochemistry showed that poly (I:C) injection induced the expression of antiviral proteins, including ISG15, OAS1, and MX1, in granulosa and stromal cells. Notably, the antiviral proteins were observed at comparable levels in the granulosa cells of different stages of follicles (data not shown). Moreover, RIG-I, OAS1, and MX1 were also detected in the oocytes and further upregulated by poly (I:C) injection. An antiviral state in the oocytes could be of great interest because it may play a role in protecting the oocytes from viral infection. The innate antiviral response in the ovarian cells could contribute to the protection of the ovary from viral infection. In fact, natural viral infection in the ovary has not been reported in mice although various viruses infect the ovary with different tropisms and perturb ovarian functions in humans. Sufficient analyses on ovarian innate antiviral response to specific viruses would provide insights into the mechanisms underlying the tropism of viral infection.
To prove the involvement of TLR3 in the ovarian innate antiviral response, we compared the responses in the ovary of WT and Tlr3 À/À mice. After poly (I:C) injection, the cytokine and antiviral protein levels were significantly lower in the Tlr3 À/À ovary than WT control. The results suggest that TLR3 plays a critical role in initiating ovarian antiviral response in vivo. However, Tlr3 deficiency did not completely abolish poly (I:C)-induced antiviral response, suggesting that other antiviral signaling were initiated by poly (I:C) in the Tlr3 À/À ovary. MDA5 and RIG-I should be responsible for the poly (I:C)-induced antiviral response in the Tlr3 À/À ovary. This hypothesis is supported by our previous report that TLR3, MDA5, and RIG-I cooperatively mediate innate antiviral response in granulosa cells [32] . Furthermore, we provided evidence in the present study that TLR3, MDA5, and RIG-I are cooperatively involved in the poly (I:C)-induced antiviral response in the ovarian stromal cells.
Steroidogenesis is one of the major ovarian functions. Estradiol is critical for the ovarian follicle development [47] . Estradiol is produced by granulosa cells through the aromatization of androgens secreted by the theca cells [48] . The synthesis of estradiol and androgen depends on the presence of several steroidogenic regulatory proteins. We demonstrated that the expression of several key steroidogenic enzymes, including P450arom, P450scc, HSD3B, and StAR, were FIG. 8. Effect of poly (I:C) on ovarian steroidogenesis. After injection with poly (I:C), mice were killed at various time points. A) Expression of steroidogenic enzymes. Total RNAs were extracted from the ovaries, and relative mRNA levels of P450 aromatase (P450arom), cytochrome P450 side chain cleavage (P450scc), 3b-hydroxysteroid dehydrogenase (Hsd3b), and steroidogenic acute regulatory protein (Star) were determined using real-time qRT-PCR. Data are the mean 6 SEM of three experiments (n ¼ 3 mice in each experiment). B) Plasma estradiol and androgen levels. Plasma were collected via tail draining at the indicated time points after poly (I:C) injection. Estradiol (left) and androgen (right) levels in the plasma were measured using ELISA. Dots indicate the levels of steroid hormones in individual mice. Data are the mean 6 SEM (n ¼ 10); *P , 0.05, **P , 0.01.
significantly inhibited by poly (I:C). Accordingly, poly (I:C) suppresses plasma estradiol and androgen levels. Poly (I:C)-induced cytokines would contribute to the inhibition of steroidogenic enzyme expression and steroid synthesis because various proinflammatory factors, including TNFA and IL6, have been demonstrated to suppress steroidogenesis [49] . Notably, the theca cells express androgen synthetic enzymes and produce androgen. However, these cells did not exhibit the antiviral response to poly (I:C) injection. We speculated that the inflammatory cytokines produced by other ovarian cells would suppress androgen synthesis in the theca cells in a paracrine manner. In agreement with this, we found that the theca cells abundantly express TNFA receptor 1 (data not shown). Notably, plasma TNFA and IL6 levels were significantly increased after poly (I:C) injection (data not shown). Therefore, the augmentation of the circulating inflammatory cytokines would also contribute to the steroidogenesis suppression. We are investigating this hypothesis. If this is the case, whether poly (I:C) treatment perturbs steroidogenesis in other steroidogenic tissues, such as adrenal and testis, or in other P450 systems, such as hepatic p450 [50] , would be an interesting issue that is worthy of investigation.
In summary, the present study demonstrated the innate antiviral state in mouse ovary in response to poly (I:C) challenge in vivo. The innate antiviral response suppressed ovarian steroidogenesis. The results provided insights into the mechanisms underlying ovarian innate antiviral response. However, the mechanisms by which the antiviral response perturbs ovarian endocrine function need further investigation.
